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L = (n* + 2)13, n is the refractive index of 
medium. 
Another indication of the role of Q-band in 
resonance enhancement of TPA can be found 
from the TPA spectrum. We showed that the fre- 
quency of one-photon intermediate transition, 
which can be found from (I), as
coincides well with the real maximum of the Q- 
band. 
We have also calculated the o2 value for 
ZnOEP directly from (I), by taking all other pa- 
rameters from independent measurements, and 
obtained a 10% correspondence with our experi- 
mental wllle. 
lationship facilitates a search for new porphyrins 
with greatly enhanced nonlinear properties. 
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The succesrful laser cooling of alkali elements to 
microkelvin temperatures has led to a host ofim- 
portant applications ranging from atomic inter- 
ferometry to quantum degenerate gases. The 4- 
kaline-earth elements show similar promise, 
including original applications that exploit their 
unique atomic strucmre. However, many of these 
applications are hindered by warm (Doppler- 
limited) trap temperatures of typicdy a few mK. 
which are a consequence of the alkaline-earth 
ground-state structure. Thus, strategies for sec- 
ond~stage cooling of these atoms need to be de- 
veloped. Here we demonstrate a cooling scheme 
for neutral Ca that has attained microkelvin tem- 
peratures and is applicableto otheralkaline-earth 
elements. This large reduction in temperature 
should significantly improve absolute frequency 
measurements for OUT Ca-based optical fre- 
quencystandard,forwhich themost recent result 
was limited (with an uncertainty of 26 Hz) pri- 
marily by the residual velocity of the laser-cooled 
atomic sample.' 
A secand-stage cooling scheme for another al- 
Mine-earth atom, SE, used an intercambination 
line and achieved temperatures at the recoil 
limit.' The corresponding transition in Ca('S, + 
'P, at 657 nmj  is 20 times narrower, making it a 
good choice for our frequency standard, but un- 
fortunately too weak to produce effective cooling 
for the high initial atom temperature. Nonethe- 
less,wecan takeadvantageofthe highvelocityse- 
lectivity of this narrow transition by implement- 
ing an approach first demonstrated with trapped 
ions, which uses quenching of the long-lived ex- 
cited state via another transition in order to ac- 
celerate the cooling process.' In our version we 
start with a magneto-optic trap based an the 'So 
+ 'P, transition at 423 nm. With this apparatus 
wecanload IO'atomsin -1Omswitharesultant 
atomic temperature of 2 mK. We then implement 
a second stage of cooling that uses the clock tran- 
sition todrivechasenvelocityclasaesofatoms to- 
wards zero velocity and quenches the 'P, excited 
state with 552 nm light (see Fig. I) to reduce the 
decay time. In our first demonstration we used 
multiple sets of counter-propagating, suitably de- 
tuned pulses of657 nm light followed byquench- 
ing pulses (effective decay time of 50 (IS), and 
were able to reduce the atom cloud temperature 
in one dimension to 4 pK.' A recent increase in 
quenching laser power enabled more cooling cy- 
des. We were also able to improve the net transfer 
efficiency from 15 to 25% by chirping the 657 nm 
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QTuBl Fig. I. Relevant energy lwel diagram 
for Calcium. 
QTuBI Fig. 2. a) Velocity distribution of ini- 
tially trapped and cooled Ca atoms. b) Final ve- 
locity distribution after 15 chirped and 10 sta- 
tionary second-stage cooling cycles. Each cycle 
consisted of two counter-propagating. temp0- 
rally separated, 5 ps 657 nm pulses fallow by 20 
ps of552 nm light. A 40 ps post-cooling pulse of 
552 nm light was used to pump the remaining 
atoms back to the ground state. 
pulses towards thecenter frequencyofthe transi- 
tion during the cooling process. (See Fig. 2.) We 
note that a group at Physikalisch~Technische 
Bundesanstalt has demonstrated quenched cool- 
ingand trappingforcain threedimensions (3D) 
using spectrally-broadened 657 nm light and 
quenching light at 453 nm? which differs from 
our we of pulsed light fields. 
We are presently investigating various 
schemes for quenched cooling in 3D. which 
should give sub-recoil temperatures and higher 
transfer efficiencies. Such samples should pro- 
duce significant improvement in the perfor- 
mance of optical frequency standards as well as 
open the door to other applications, enabling ef- 
ficient loading of dipole traps and higher phase- 
space densities. 
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Recently, laser-cooled alkaline earth atoms have 
become prime candidates for constructing opti- 
cal frequency standards and studying cold colli- 
sions. Since the even isotopes have no hyperfine 
Structure, they provide an ideal system for testing 
Doppler-cooling theory. (Alkali atoms are subject 
to sub-Doppler cooling mechanisms.) We have 
measured the spring con~tant (k) and damping 
coefftcient (a) in a Strontium MOT by observing 
the damped oscillation response of the trapped- 
atom location to a square-wave chopped pushing 
beam. 
The experiment consists of a Sr vapor cell 
MOT using the 461 nm 'S,-'P, cycling transition 
to cool and trap. The MOT is a standard six-beam 
a+-6 configuration with a magnetic quadrupole 
field. We use an on-resonance beam to push the 
trapped atoms away from the trap center by 
ILL2096 of the cloud diameter. In addition, a 
weak on-resonance probe beam, focused off 
the trap center, propagates perpendicular to the 
pushing beam. During the chopping cycle of the 
pushing beam. the step response of the trapped 
atoms is observed in the probe absorption signal, 
as shown in Fig. 1. The motion of, the trapped 
atoms is clearly underdamped i@g. Ib, differing 
from the strongly averdamped motion of a previ- 
ous alkaline-metal atom MOT.' We have also 
measured the dependences 0f.k and a on the 
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QTuB2 Fig. 1. Probe absorption by the 
trapped atoms during the choppin8 cycle of the 
pushing beam. Notice the expanded time scale 
after the break. The fitting curves up shown as 
thedanedlines afterthebreak.The total intensity 
of the trapping beam is (a) 21 mWicm', and (b) 
9 mWlcm2, the detuning of the trapping beam is 
4 0  MHz and the magnetic field gradient is 64 
Glcm. The least-square fit to the data yields k = 
3.5 x lo? (Nh) and a = 2.2 x IO? (N.s/m) in 
(a), and k = 1.3 x lo-'' (Nlm) and a = 0.42 x 
( N d m )  in (b). 
magnetic field gradient and the intensity and de- 
tuning of the trapping beam. Preliminary experi- 
mental values of k and a are smaller than those 
predicted by standard Doppler theory.' It is 
worth noting that the temperature of the atom 
cloud is intensity dependent, also in contradic- 
tion with standard Doppler theory? Since during 
the cooling cycle trapped atoms slow1 leak from 
the excited 'P, state through ID, to P, and are 
then lost, the simple two-level Doppler theory is 
not complete for this system. At present, a modi- 
fied semi-classical Doppler theory is being devel- 
oped to account far the resulting variations i n k  
and a. 
Since the temperature can be determined by 
the measured spring constant and the trap size, 
this experiment also offers a new possibility of 
temperature measurement. We will further study 
the dynamics of the trapped atoms after second- 
stage Doppler cooling, using the 689 nm narrow, 
spinforbidden 'SO-'P, intercombination line. 
Since the 689 nm photon recoil frequency shift is 
greater than the cooling transition linewidth, a 
full quantum mechanical cooling theory needs to 
be explored. 
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The general objective of this work is to provide a 
stable and accurate frequency standard affordable 
in any physics laboratory, using the regular he- 
quency comb provided by a mode-locked laser.'" 
Thefrequencyafthetooth mofthecambisgiven 
by vm = vo + mi%= where zRT is the round-trip 
time of the pulse in the laser cavity and vo is the 
zero-offset frequency of the comb. We have previ- 
ously demonstrated that both the repetition rate 
and the zero-offset can be stabilized to a frac- 
' I  
QTuB3 Fig. 1. Level Structure of rubidium. 
The frequency comb of the fs laser climbing up 
and down the h structure is shown on the right. 
QTuB3 Fig. 2. Left: steady-state population 
of the upper state pn as a function of round-trip 
time, for excitation by a trains of mode-locked 
pulses. The pulse area is 0.5. The detail of a dark 
line resonance is shown in the center. The solid 
line is the upper state papulation p,,; the dotted 
line the coherence between the split ground state 
Pi? 
.,m -1m -a0 
Scul lMW 
QTuB3 Fig. 3. Three two-photon tluores- 
cence spectra of rubidium, taken for increasing 
laser repetition rates. 
tional instability of = 2 x IO-' in less than 800 
ms.' limited by the clock used for the RF counters 
used in that measurement. For accuracy and long 
term stabilization, one should (i) define the RF 
frequency from a division of the optical fre- 
quency, and (ii) control the drift of the reference 
cavity with an atomic standard. We present a new 
approach to stabilize both repetition rate and 
zero-offset of the comb by locking the average 
frequency to a two-photon resonance of a rubid- 
ium transition, and the repetition rate to a dark 
line resonance. The particular transitions in- 
volved are sketched in Fig. 1. Carrier frequency 
stabilization is made on the two-photon SD'" + 
SS"' transition, in counter-propagating ( ~ o p p l e r  
free) geometry. 
With a ground state splitting of 6.834682 
GHz, this transition constitute a four-photon A 
structure, each branch of the A being a two-pho- 
ton transition from one of the ground states. The 
density matrix equations for the four-photon in- 
teraction with the two-photon A Structure were 
solved numerically, using a Butcher predictor- 
corrector method, far a periodic pulse trained 
tuned to the two-photon transition, 5S"'(F = 2) 
+ SD5"(F = 3), as illustrated in Fig. 1. Figure 2 
shows a plot of the population of the upper state 
asafunctionofrepetitionrate,afterasteadyatate 
has been reached (i.e. I000 round-trips). For par- 
ticular repetition rates, both branches of the A 
structure are resonant, resulting in a decrease of 
the upper state papulation (p,& and at the same 
time the off-diagonal matrix element connecting 
the levels of the split ground state pi2 peak, (dat- 
ted line). This"dark resonance"is Doppler free in 
travelling wave geometry, and will enable us to 
provide an error signal to stabilize the repetition 
rate to a submultiple of the hyperfine splitting of 
6.834682 GHz, while the carrier frequency is 
locked to one of the two-photon transitions in 
the A structure. 
"Doppler free'' two-photon spectroscopy of 
rubidium was performed with the mode-locked 
